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ABSTRACT

Respiratory droplets—which may contain disease spreading virus—exhaled during speaking, coughing, or sneezing are one of the significant
causes for the spread of the ongoing COVID-19 pandemic. The droplet dispersion depends on the surrounding air velocity, ambient temper-
ature, and relative humidity. In a confined space like an elevator, the risk of transmission becomes higher when there is an infected person
inside the elevator with other individuals. In this work, a numerical investigation is carried out in a three-dimensional domain resembling an
elevator using OpenFoam. Three different modes of air ventilation, viz., quiescent, axial exhaust draft, and exhaust fan, have been considered
to investigate the effect of ventilation on droplet transmission for two different climatic conditions (30 °C, 50% relative humidity and 10°C,
90% relative humidity). The risk assessment is quantified using a risk factor based on the time-averaged droplet count present near the pas-
senger’s hand to head region (risky height zone). The risk factor drops from 40% in a quiescent scenario to 0% in an exhaust fan ventilation
condition in a hot dry environment. In general, cold humid conditions are safer than hot dry conditions as the droplets settle down quickly
below the risky height zone owing to their larger masses maintained by negligible evaporation. However, an exhaust fan renders the domain
in a hot dry ambience completely safe (risk factor, 0%) in 5.5 s whereas it takes 7.48 s for a cold humid ambience.
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aerosol size distribution during coughing.” Li et al. computationally
modeled the evaporation of cough droplets employing the multi-
component Eulerian-Lagrangian approach in an inhomogeneous
humidity condition.” It is expected that the droplets will follow a pro-

I. INTRODUCTION

The ongoing pandemic of COVID-19 has caused an immense
loss of lives as well as shattered the global economy, the entire world
still suffering from its excruciating shackles. The transmission of

SARS-CoV-2 has been responsible for this pandemic and it has been
established that the virus spreads through respiratory droplets.' ”
Respiratory droplets are exhaled from the mouth or nose during
speaking, coughing, or sneezing. The conditions of speaking, coughing,
or sneezing can be differentiated with the help of droplet size and
velocity spectra and the exhalation velocity of jet from the mouth.””
The respiratory droplets expelled from the mouth by coughing or
sneezing are polydisperse in nature. Kwon et al. performed experi-
ments involving particle image velocimetry to study the initial velocity
distributions from coughing and sneezing.” Johnson et al. performed
experiments with an Aerodynamic Particle Sizer in order to obtain the

jectile motion and eventually settle on the ground. However, during
coughing, a turbulent jet is generated by the air puff, which takes the
responsibility of carrying the droplets an appreciable amount of dis-
tance. While traveling the distance, the droplet undergoes evaporation,
which reduces the size of the droplets, thereby helping them to cover
more distance. Redrow et al. modeled the evaporation and dispersion
of cough jet droplets considering sputum for the first time and showed
that the human cough includes a turbulent air puft.” Wei et al. showed
that the droplet spread gets enhanced by the presence of a turbulent
air jet."” Pal et al. investigated the influence of ambient conditions on
droplet transport in indoor environments. The droplet trajectories
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were calculated considering a turbulent round jet model."" Chong
et al. quantified the lifetime of respiratory droplets under different
ambient humidity conditions using direct numerical solution (DNS).
They have reported that the droplet lifetime can extend even up to 150
times at very high relative humidity (90%)."> The droplet size can
increase initially in cold environments due to the supersaturation of
vapor turbulent puff."”” Wang et al. performed flow visualization and
particle image velocimetry to understand the motion of these droplets
and utilized those results to establish a physical model for investigating
the trajectories of droplets expelled by cough.'* Pendar et al. con-
ducted a wide range study of the velocity distribution, expelled angle,
and the size of droplets released from the mouth in order to determine
the correct social distance guidelines for different conditions.'” Dbouk
and Drikakis have conducted a computational study to investigate the
transport, dispersion, and evaporation of respiratory droplets pro-
duced from human cough.'® If a person is present in an open area like
a school ground or market place, the risk of disease transmission
depends on the wind velocity due to the available space between two
persons. Feng et al. carried out a numerical study to investigate the
effects of wind and relative humidity on the transportation of respira-
tory droplets in an outdoor environment for different wind velocity
ranges from 0 to 16km/h."” They have found that droplet clouds can
travel up to 8 m in the presence of wind. Li et al. performed a numeri-
cal study on the dispersion of cough droplets with nonvolatile compo-
nents in a tropical outdoor environment and the dispersion was
influenced by the relative humidity and wind speed."®

In an open space, it has been observed from the above literatures
that the wind speed affects the spread of these droplets but the situa-
tion becomes alarming in a confined space where the environment is
enclosed and if a person coughs, the droplets will remain inside the
space for an appreciable amount of time. In recent times, several stud-
ies have been performed on aerosol and droplet transmission in differ-
ent confined spaces like classrooms,'” aircraft  cabins,”"”!
restaurants,”””> buses,”” and clinics.”” Liu et al. performed a laboratory
study to investigate the expiratory airflow and particle dispersion in a
stratified indoor environment.”* Cheng et al. investigated the trajecto-
ries of large respiratory droplets in indoor environments under differ-
ent relative humidity.”” They reported that droplets produced from
coughing can travel distances of 1.09 m and that of sneezing can cover
a distance of 2.76 m. Yang et al. carried out a computational study to
capture the dispersion of pathogen-laden respiratory droplets in an
enclosed environment like crowded buses.” Foster et al. studied the
infection probability in the classroom scenario with masked habitants
and different ventilation conditions.'” Yan et al employed the
Lagrangian-based Wells—Riley approach to assess the risk of airborne
disease infection in an airliner cabin.”" Yan et al. numerically investi-
gated the thermal effects of human body on the evaporation and dis-
persion of cough droplets in an enclosed environment.”® Sen
performed a numerical study to investigate the evaporation and trans-
mission of cough droplets in a confined space, like elevator, consider-
ing different scenarios by varying, for example, the air ventilation
systems, number of persons inside the elevator, direction of ejection,
relative humidity, and temperature.”” Dbouk et al. showed how modi-
fications in ventilation systems in confined spaces can influence the
transmission of airborne virus.”’ Agrawal et al. have worked on the
reduction of the risk associated with cough clouds in a closed space by
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modifying the ventilation systems.’' It was found that the infected air
volume is 23 times the ejected volume of air by cough.

All these works have paid attention to ventilation systems but
none of them have studied the risk to which another person will be
exposed when he or she tries to board the elevator after the door
opens. Respiratory droplets are laden with salt and proteins containing
virions. Moreover, in most of these works, pure water droplets have
been considered, which does not resemble a real scenario where the
droplets are pathogen laden. The droplets contain nonvolatile salts in
some specific proportions and these salts contain pathogens. A salt-
laden droplet will have thermophysical properties different from that
of a pure water droplet, and the thermophysical properties will con-
stantly change with evaporation, unlike pure water. This difference
and constant change in thermophysical properties will cause a differ-
ence in the mass transfer number and, hence, the evaporation rate,
ultimately manifesting itself in a difference in the overall droplet dis-
persion and trajectory than that of pure water. So, in order to mitigate
the above stated problem and to make the simulations and their corre-
sponding results more realistic, our work has implemented this salt
model of droplet along with droplet evaporation. In addition, a sys-
tematic comparison of the risk of infection from different designs of
ventilation along with the safety measures to be adopted in each of the
designs has been carried out in this work.

In confined spaces, ventilation plays a significant role, which has
been highlighted in the existing literature. When the droplets are
inside an enclosed space, they will undergo evaporation, which will
transform them into aerosol, and they can remain suspended in the air
for longer periods of time. Several works have been reported recently
where the aerosol route of virus transmission has been supported with
enough evidences.'””” * The aerosol size is generally considered less
than 10 ym, which helps them to remain suspended in the air for lon-
ger periods of time. Furthermore, from the recent works, it can be con-
cluded that aerosols constitute the virions that are responsible for the
disease transmission.” So, when a person coughs or sneezes in a con-
fined space like an elevator, the aerosol will remain in the space until it
is forced out or it gets any opening to discharge outside. This implies
that when an elevator door will open for the passenger who is waiting
outside, the passenger will be exposed to a high-risk situation in the
elevator if the former passenger inside the lift has just coughed before
opening of the door. Face masks may work as a protective gear up to a
certain extent but there are limitations. Akhtar et al. performed droplet
flow visualization experiments to test the effectiveness of five different
masks and it was found that except for the N-95 masks, all the other
masks showed some amount of droplet leakage.”” Dbouk et al have
also worked on the effectiveness of masks to reduce the droplet trans-
mission.”” The risk assessment of such situations is necessary as it will
help to understand the safe time interval between stopping of the ele-
vator and boarding it. Moreover, the assessment can also give informa-
tion regarding the safe distance that must be maintained from the
infected passenger inside the elevator.

In this work, a three-dimensional simulation has been performed
to study droplet transmission inside an elevator. An infected passenger
is present inside that elevator without a face mask and the passenger is
coughing. Different ventilation conditions of the ambience have been
investigated by considering both quiescent environments and forced
circulation of air in the domain. The dispersion and evaporation of the
droplets (including nonvolatile components) have been investigated in
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each of the cases. The situation is such that a person has boarded the
elevator and before alighting from the elevator, the person coughs.
The beleaguered person waiting outside to board the elevator will be
oblivious to the threat that looms inside the elevator. Our paper
focuses on the risk assessment of this situation for various ventilation
conditions along with suggestions of safety measures.

Il. PROBLEM FORMULATION
A. Geometry

The computational domain consists of an elevator having a
capacity of five persons, which is portrayed in Fig. 1(a), describing its
details. The dimension of the elevator is 1.2 x 1.2 x 2 m, which repre-
sents a characteristic size of elevators present in housing complexes or
small enterprises. The investigation of an elevator of relatively small
size is incumbent as the risk associated with a smaller confined space
is higher. At the top of the elevator, a circular mounting of 0.6 m

()

FIG. 1. (a) The whole computational domain. (b) Isometric view of the passenger in the domain. (c) Mouth of the passenger modeled as a rectangular aperture.

Top Circular
Mounting
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diameter is provided. This top circular mounting is subjected to condi-
tions specific to each scenario, as illustrated further in the Initial and
Boundary Conditions section as well as in Table I. This top mounting
is a very important part as by altering the boundary conditions on this
mounting, the various ventilation situations inside the elevator are
realized. In the present study, boundary conditions representing an
axial exhaust jet or an exhaust fan at the top opening have been pre-
sented. The ventilation slots, 3% of the platform area, have been pro-
vided at the lower portion of the elevator side walls (complying with
the European EN-81-1 code™). Instead of incorporating a human
manikin, the features of the passenger, namely, the head, face, mouth,
and remaining body parts, have been represented with rectangular
boxes, whose dimensions conform to that of an actual human being in
an upright standing position, to reduce the complexity and the com-
putational cost and time. Moreover, since our area of focus in the
domain is far away from the passenger, the implementation of a geom-
etry that corresponds to an actual human being will have no effect on

Walls
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TABLE I. Table of scenarios, *j indicates the positive y direction.

scitation.org/journal/phf

Axial velocity of top circular Angular velocity of top

Ambiences Scenario Objective mounting (m/s) circular mounting (rpm)
Hot dry (30°C,50% RH) 1 Effect of quiescent environment 0 0

2 Effect of axial exhaust 0.56 j 0

3 Effect of exhaust fan 0.56 j 2000 j
Cold humid (10°C,90% RH) 1 Effect of quiescent environment 0 0

2 Effect of axial exhaust 0.56 0

3 Effect of exhaust fan 0.56 2000 j

our desired zone of interest. The passenger height is taken as 1.75m
(the mouth height being 1.56 m).” Figure 1(b) shows an isometric
view of the passenger in the domain, which also shows the position of
the passenger relative to the elevator walls. The mouth of the passen-
ger, from which the cough droplets are injected, has been modeled as a
rectangularly shaped aperture having a width of 40 mm and an aspect
ratio of 8,” as shown in Fig. 1(c). Three different scenarios have been
studied to comprehend the effect of air flow in the surrounding envi-
ronment on the transmission and evaporation of droplets, injected
into the domain by coughing of the passenger. Droplets ejected in the
domain due to the coughing of the passenger would traverse the
domain, their trajectory being contingent upon the preponderant
velocity field. Certain number of droplets could turn into aerosols
based on the prevalent temperature and humidity. A number of drop-
lets might escape, a few of them may stick on the various surfaces
within the elevator, while the remaining ones will remain suspended
in the domain for extended periods—the last ones being of major con-
cern to us.

B. Mathematical model

An Eulerian-Lagrangian model has been implemented for this
numerical study. Air, the carrier fluid, is modeled in the Eulerian
frame. For the carrier bulk multiphase fluid mixture, the continuity
[Eq. (1)]**” and the compressible multiphase mixture Reynolds-
averaged Navier-Stokes equations [Eq. (2)]*** in conjunction with
the k-w turbulence model in the shear stress transport formulation
(SST) [Egs. (3)-(14)]*" have been employed. Droplets that are injected
into the domain due to coughing are treated as discrete particles and
are solved in the Lagrangian frame of reference. The droplets roam
around depending on the prevailing air velocity field and undergo
evaporation as they traverse the domain. The droplets and moist air at
the time of ejection from the mouth can be considered to be at the
same temperature as that of the body temperature. Eventually, how-
ever, the cloud of droplets intermingles with the surrounding air and it
draws in a substantial amount of the surrounding ambient air, follow-
ing which the temperature of the cloud would effectually be identical
to the surrounding ambient temperature.”’ However, the evaporation
process still continues (until the droplet becomes devoid of the volatile
component), and the energy required for the phase change to happen
is attained from the droplet and the surroundings [Eq. (22)].”° The
driving potential for the occurrence of evaporation of water is the dif-
ference of partial pressure of the water vapor at the droplet surface and
in the air encompassing the droplets [Eq. (27)].” The rate of

evaporation depends upon the mass transfer coefficient determined
from the Sherwood number [Eq. (28)]. The Sherwood number, again,
is dependent upon the droplet Reynolds number [Eq. (29)]"" based on
the Ranz-Marshall correlation [Eq. (28)].”>** The droplet is consid-
ered to be a mixture of salt and liquid water (99% water and 1% NaCl
wt. %). As the droplets evaporate to lose the volatile liquid mass into
the ambient air [Eq. (18)]” and their diameter decreases, the mass
fraction of their components changes [Eqgs. (32) and (33)] and finally
the droplets fully evaporate, i.e., become fully devoid of the volatile lig-
uid water component, forming droplet nuclei. The droplet properties
used in the governing equations are a function of the properties of lig-
uid water and salt as well as their respective mass fractions [Eqs. (34)
and (35)]. The continuous change in the mass fractions of these com-
ponents owing to the evaporation of droplets has been taken into
account [Egs. (31)-(33)]. Hence, to incorporate this salt model of
droplets [Egs. (31)-(36)], modifications have been made in the source
code of the reactingParcelFoam solver of OpenFOAM. The
Ranz-Marshall model has been implemented to calculate the Nusselt
number [Eq. (24)]*** and Sherwood number [Eq. (28)],** to solve
the droplet heat transfer [Eq. (22)]* and mass transfer equations [Eq.
(27)].”° The droplet temperature is obtained by solving the energy
conservation equation, as discussed below [Eq. (22)].” The process of
evaporative cooling is modeled by taking into account the energy
transfer from the bulk phase into the Lagrangian phase [Egs.
(15)-(17) and (23)-(24)].” The position and the velocity of the drop-
lets are obtained by applying Newton’s second law of motion on the
droplets, and the forces considered here are gravity, buoyancy, lift, and
drag [Egs. (21), (25), and (26)].””"° The relevant gas phase and particle
phase transport equations with appropriate closure relations are as
follows:.
Governing equations for the Eulerian (gas) phase
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S
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Droplet density,
1
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(%) + ()
Droplet heat capacity,
Cpd = Yycps + Yficp,l. (35)
Droplet diameter,
6 1/3
dy = (21 (36)
TPq

C. Initial and boundary conditions

The top circular mounting is assigned different conditions corre-
sponding to three different scenarios: quiescent, axial exhaust, and
exhaust fan. Table I provided below elucidates this further. The two
outlets provided at the lower portion of the side walls are defined as
pressure outlets with atmospheric pressure. All the walls and the
boundary of the passenger are treated as walls with no-slip velocity
boundary condition. The door remains closed in all the scenarios;
hence, in all these scenarios, the door is modeled as a wall. By conduct-
ing numerical simulations, it has been inferred that the initiation time
of the cough and air flow development in the domain has significant
impact on the droplet kinematics. To eliminate this above-stated bias
and to make the situation more representative and generic, the cough
is ejected in stages. The complete coughing phenomenon occurs in
four stages. As depicted in Fig. 2, the coughing phenomenon commen-
ces at 1s and terminates at 4.12's. Each single cough occurs for 0.12s,
injecting 1008 droplets of mass 7.7 mg with a velocity of 8.5 m/s nor-
mal to the mouth surface.”” In each stream, the initial size distribution
of the cough droplets follows the well-known Rosin-Rammler distri-
bution or the Weibull distribution with a scale factor of 80 um and
shape factor of 8. The passenger, assumed to be a symptomatic
COVID-infected patient, has a comparatively higher body tempera-
ture of 38.4 °C. The continuous periodic inhalation and exhalation of
the passenger has also been taken into account. The ambient pressure
inside the elevator is one atmospheric pressure, 101 325 Pa. The eleva-
tor is subjected to two different ambiences: 30 °C, 50% R.H. (hot dry)
and 10°C, 90% R.H. (cold humid). The temperature of the air ejected
out of the mouth during exhalation is assumed to be at the body tem-
perature and its relative humidity is assumed to be 100%.”" The
injected cough droplets are also at the body temperature. The cough
droplets are considered as a mixture of NaCl (salt) and water with ini-
tial mass fractions of 0.01 NaCl (solid) and 0.99 water (liquid)."*

D. Numerical method

The OpenFOAM solver “reactingParcelFoam,” with necessary
modifications to successfully implement the salt model as discussed
earlier was employed to solve all the required partial differential

scitation.org/journal/phf
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FIG. 2. The entire coughing phenomenon.

equations. It is very important to state that all the thermophysical
properties of the Eulerian and Lagrangian phases are functions of tem-
perature. The Eulerian phase has been modeled as an ideal gas for its
equation of state, and its transport is modeled using Sutherland’s law "
for its viscosity based on the kinetic theory of gases, which is suitable
for non-reacting gases. Finite volume methods have been employed to
discretize the Eulerian phase. Second-order schemes have been
employed for both space and time operators. Semi-implicit numerical
schemes of second order have been employed for Lagrangian phase
discretization. The grid independence study has been performed,
which—to improve the readability of the paper—has been provided in
the Appendix.

lll. VALIDATION
A. Validation of droplet evaporation model

Although many studies have been conducted, the authors did not
take into consideration the effect of soluble components present in the
cough droplets. In reality, cough droplets are not pure water and con-
tain dissolved salts (like NaCl) in certain proportions. This presence of
salts in cough droplets affects the droplet characteristics in several
interconnected ways, as discussed in the Introduction. In our study, an
attempt is made to make the simulations more realistic by considering
the effect of salt solution in cough droplets, ie., by including the salt
model of droplets. Our model is tested against the reported experi-
mental result of change of diameter of an acoustically levitated 1 wt. %
salt (NaCl)-laden droplet with time of Basu et al.™* For this validation
study, only 1 droplet (NaCl 1% wt. %, H;O 99% wt. %) is injected
with initial size of 600 um at the center of a domain. The quiescent
condition is modeled appropriately by taking the domain size to be
much larger than the droplet diameter and by assigning the internal
field as well as the boundary fields of the entire computational domain
a zero velocity. A temperature of 30 °C or 303 K and a relative humid-
ity of 50% is used as reported by Basu et al."* In order to model the
levitating droplet, the droplet is injected with zero initial velocity and
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no force (gravitational, buoyancy or sphere drag) is applied on the
droplet, thus keeping it suspended in the domain indefinitely. The
droplet diameter reduces continuously owing to its evaporation, and
the change in diameter (D) with time is noted. Figure 3(a) compares
experimental data (Basu et al."") of the temporal history of the instan-
taneous normalized droplet diameter (D/Dy, D, initial diameter) with
our numerically predicted results. The numerically predicted results
are in reasonably good agreement with the experimental observations
of Basu et al,,** as can be seen from the two graphs in Fig. 3(a). Hence,
our newly developed droplet salt model is validated.

B. CFD model validation

Before proceeding with the numerical model for our actual study,
a quantitative validation of the droplet size distribution is done against
the DN data of size distribution reported by Ng et al."” The validation
data used are for a temperature of 30°C and RH of 90%, from Ng
et al."” For this validation study, the geometry and all the initial and
boundary conditions are obtained from Ng et al.'” The droplet size
distribution as predicted by our numerical (CFD) model is compared
with the size distribution results of Ng et al.'” Figure 3(b) compares
the droplet size distribution at t= 0.6 s. The match between the drop-
let size distributions is reasonably good. Thus, our numerical (CFD)
model is validated and, hence, our numerical (CFD) model along with
our newly developed salt model can be used subsequently in our actual
study.

IV. RESULTS AND DISCUSSIONS

In this study, two different ambient conditions and three different
types of ventilation scenarios in each of the ambient conditions (as
summarized in Table I) have been studied.

In the first ambient condition, a hot dry ambience having a tem-
perature of 30 °C and relative humidity of 50% has been investigated,
which closely matches the climatic condition of places like Mumbai,

1.1

r Present Simulation
1.0

—=—Basu et al

09
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Delhi, New York, and Melbourne in summer. In addition to this, in
the second ambient condition, a cold humid ambience having a tem-
perature of 10°C and relative humidity of 90% found sometimes in
places like London, Amsterdam, and Berlin has also been investigated
to study the effect of change in environment on droplet transmission.
In both the ambient conditions, three different scenarios are studied.

In scenario 1, the effect of a quiescent environment (i.e., no air-
flow or ventilation condition) is studied. In scenario 2, the effect of an
outward (exhaust) axial jet ventilation condition is studied. In scenario
3, the effect of an exhaust fan ventilation condition is studied. These
scenarios have been studied and quantified to progressively move
toward a ventilation system that minimizes the chances of getting
infected for a passenger/passengers if they had been traveling in the
elevator (or is waiting outside to enter the elevator) with the above-
mentioned infected passenger considered in the study.

In scenario 1, the effect of a quiescent environment on droplet
dynamics and heat transfer characteristics have been studied, whereas
scenarios 2 and 3 investigate the effect of forced circulation on the
same.

The scenarios 1-3 have been investigated for 10s, the average
time taken by an elevator to traverse 10 floors, considering the average
height of a floor as 3 m (complying with National Building Code of
India, 2005)***” and mean elevator speed as 3 m/s.

A. Transport and evaporation of droplets
1. Scenario |

In this scenario, the top mounting is treated as a wall, with no air-
flow interaction with the domain, thus making a quiescent environ-
ment prevail inside the elevator. For the hot dry case, the droplets do
not reach the floor within the stipulated elevator travel time of 10, as
established by Fig. 4(a) (Multimedia view). It is important to note that
droplets do not directly head toward the floor, rather they get
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FIG. 4. (a)(f) Droplet dispersion in the domain at various time instants for all the scenarios of both the ambiences. Multimedia views: hitps://doi.org/10.1063/5.0073694.1;

https://doi.org/10.1063/5.0073694.2; https://doi.org/10.1063/5.0073694.3

entrapped in the turbulence induced both by the cough and the con-
tinuous inhalation and exhalation of the passenger, and they get
spread across the elevator. The absence of any continuous draft of air
in the domain slows down the process of sticking or escaping of the
droplets; hence, majority of them remain suspended in the air. The
suspended droplets evaporate continuously to decrease in size, as visi-
ble from the continuous shrinking size range, depicted by the diameter

distribution of the suspended droplets at various time instances in
Figs. 5(a) and 5(b). A probability distribution plot based on the ini-
tially injected droplet count has been used to represent the size distri-
bution in Fig. 5. Figure 5 also depicts the probability of droplet nuclei
being formed. Droplet nuclei are the droplets from which the volatile
liquid component has completely evaporated and is remaining only
with the nonvolatile salt component. Due to the initial droplet size
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distribution following a Rosin-Rammler distribution, we have droplet
nuclei of different sizes (Figs. 5(a) and 5(b)] and also it is possible to
have a droplet and a droplet nuclei of the same size [Fig. 5(a)]. In this
context, it is notable that out of a droplet and a droplet nuclei of the
same size, the droplet nuclei is more harmful as it has surely been
inherited from an initially larger droplet, thus exhibiting a very high
viral load."" Moreover, the droplet nuclei basically consist of only the
nonvolatile component, which in turn contains the pathogen. A signif-
icant number of suspended droplets evaporate to form droplet nuclei
having sizes mostly in the range of 10-20 um after 10s as shown in
Fig. 5(a). Droplet nuclei are only found in the hot dry ambience and
not in the cold humid ambience, as in the latter there is negligible
evaporation, thus preventing the formation of nuclei.

Contrasting results are obtained for the cold humid ambience as
shown in Fig. 4(b) as well as from the size distribution at various
instants of elevator travel time as can been seen from Fig. 5(b). Due to
their relatively large mass as compared to the hot dry condition owing
to negligible evaporation, the gravity force dominates over the injected
droplets, which ultimately cause the droplets to descend and reach the
elevator within the stipulated time of 10's as can be seen in Fig. 4(b).
Moreover, the relatively large diameter due to negligible evaporation,
as compared to the hot dry condition, produces a larger drag force on
the droplets, which prevents the spread of droplet in the elevator and
produces an orderly downward motion. Although a few droplets are
initially trapped in the turbulent puff of coughing and spread way-
ward, owing to the gravity effect and larger drag force, they quickly set-
tle down.

2. Scenario Il

In this scenario, the effect of forced circulation in the domain (for
both the environmental condition) on droplet dispersion is investi-
gated. Air is drawn out of the domain and the top mounting is mod-
eled as an axial exhaust jet. As can be seen from the droplet
distribution [Figs. 4(c) and 4(d) (Multimedia views)], for both the
environmental conditions the elevator space (mostly the upper por-
tion) is filled with many suspended particles. This is due to the fact
that the first two streams of cough particles move down instead of
moving up, while the third and fourth ones move up. This difference
occurs because the flow has not developed during the time of injection
of the first two streams as depicted by the velocity contours at plane
AB (plane AB shown in Fig. 6) of different time instances in Fig. 7,
where the development of velocity in the flow field along with the
droplets’ positions have been depicted for the hot dry ambience. A
similar flow pattern is observed for the cold humid ambience. As the
flow takes sufficient time to develop as reconfirmed by the tempera-
ture contoured velocity vector plots of Fig. 8, for hot dry ambience at
plane AB (Fig. 6), the initially injected particles do not receive suffi-
cient drag force to move upward and, hence, descend (due to gravity);
but as the flow becomes fully developed, the downward motion of the
particles gets arrested and these particles remain suspended in the
domain for an extended period of time. As air is drawn out in this sce-
nario, a significant percentage of droplets escapes out of the domain.
For the hot dry condition, the suspended droplets evaporate continu-
ously to decrease in size as indicated by the continuously decreasing
diameter range of the diameter distributions of the suspended droplets,
depicted at various time steps by Fig. 5(c) while majority of the

scitation.org/journal/phf

FIG. 6. Cross-sectional plane AB.

suspended droplets turn into droplet nuclei (having size in the range
of 10-20 um) after 10s. Whereas for the cold humid condition it is
found just like the previous scenario, there is negligible evaporation of
droplets, preventing the generation of droplet nuclei, Fig. 5(d).

3. Scenario Il

In this scenario, the top mounting is modeled as an exhaust fan.
Here, the fan rotates with a r.p.m of 2000 to suck air out of the
domain. Unlike scenario 2, where the top mounting was modeled as
an axial exhaust jet, the rotational effect of fan has also been consid-
ered. In contrast with the previous scenario, the flow develops rather
quickly in the domain (especially near the man’s mouth) to develop a
sufficiently strong drag force, for both the ambient conditions as
depicted by the temperature contoured velocity vector plots in Fig. 9.
This is further elucidated by the velocity contour plots of Fig. 10.
Hence, the particles move upward immediately upon injection due to
the more enhanced drag force exerted by air on the particles, as can be
seen from the droplet dispersion transience depicted in Figs. 4(e) and
4(f) (Multimedia views). The circulation brought about by the rota-
tional effect increases the dispersion in droplet kinematics due to the
additional turbulence (created by the rotating component of the
fan), due to which the droplets rise up and a significant amount of
them gets deposited at the roof (top wall) of the elevator, quite
contrary to the previous scenario of axial exhaust jet. As can be
understood from the droplet distribution in Figs. 4(e) and 4(f), for
the hot dry ambience, after 5.5 s, none of the droplets remain below
the height of the passenger, whereas for the cold humid ambience,
the elevator becomes safe but it takes 7.48s. Hence, the domain
becomes completely safe from these time instants for both the
ambient conditions. Since a negligible percentage of injected drop-
lets remains suspended in the domain at all time instants, the size
distribution has not been investigated.
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T=1.14s T=1.31s

A

T=3.52s

T=4.53s

B. Implications for spread of disease

It is a critically acclaimed fact that the two main modes of spread
of coronavirus are by touch and inhalation of particles having signifi-
cant viral load. So, it is critical that we investigate how the dispersed
droplets in the domain might come in contact with a person and
obtain a better understanding of this aspect. At first, it is important to
quantify how the droplets disperse in the domain by enumerating the
percentage of injected droplets that remains suspended in the domain,
that escapes from the domain, and that gets deposited on the elevator
surfaces. The height range 0.8-1.8 m (average height from a person’s
waist to head) is identified as the risky height zone, as droplets (either
suspended or deposited on surfaces) in this zone will be most perilous

T=3.16s

scitation.org/journal/phf

FIG. 7. Velocity contours at plane AB (of
Fig. 6) along with droplets, at various
instances of scenario 2 for the hot dry
ambience.

to any other person traveling in the elevator—as these droplets may be
directly inhaled by the other passengers. Figure 11 shows the percent-
age of injected droplets that remains suspended in the domain (within
and outside the risky height zone), the percentage that escapes, and
the percentage of droplets that gets deposited within and outside the
risky height zone on the elevator surfaces, for the various scenarios. A
parameter called risk factor is defined as the time-averaged percentage
of injected particles that remains suspended in the domain within the
risky height zone over an inhalation time period and this parameter is
an indicator of the probability of an exposed passenger to get infected.
The period of averaging being a typical inhalation cycle of 1s, within
this time span of 1s, the values of percentage of injected droplets in
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FIG. 8. Temperature contoured velocity vector plots at plane AB (of Fig. 6) at differ-
ent time instances, of scenario 2 for the hot dry ambience.

the risky height zone at five different instants have been computed.
Our defined risk factor is the average of these values. In the bottom
right corner of Fig. 12, five instantaneous values of percentage of drop-
lets suspended in the risky height zone (in black) and the average of
these instantaneous values representing the defined risk factor for the

4

Temperature (K): 304 306 308 310

FIG. 9. Temperature contoured velocity vector plots at plane AB (of Fig. 6) at differ-
ent time instances, of scenario 3 for the hot dry ambience.

scitation.org/journal/phf

T=1.22s

T=2.25s

T=5.2s

FIG. 10. Velocity contours at plane AB (of Fig. 6) along with droplets, at various
instances of scenario 3 for the hot dry ambience.

period of 6-7 s (in red) have been depicted (for one particular repre-
sentative of cold humid quiescent scenario) in order to elucidate the
above-mentioned averaging process. These risk factors have been
depicted at different time instants for the different scenarios in Fig. 12.
It is understood from Figs. 11 and 12 that in a quiescent domain with
hot dry condition, where there is no continuous draft of air, almost all
the droplets remain suspended in the domain and only a small per-
centage gets deposited on the surfaces. Moreover, a fair percentage of
suspended droplets remains in the risky height zone at all times
(Fig. 12), thus producing the highest risk factor of all the scenarios,
rendering a bleak future to the elevator and its other passengers. In
contrast, for the cold humid ambience the droplets settle below the
risky height zone owing to their larger masses at latter stages of the
stipulated time, bringing down the risk factor significantly below that
of a hot dry ambience as shown in Fig. 12.

The introduction of a forced circulation of air in the form of axial
exhaust jet alleviates the problem for hot dry ambience and produces a
significant change in droplet dynamics, as can be seen from Fig. 11, by
significantly reducing the percentage of droplets that remains sus-
pended in the domain and increasing the percentage of droplets that
escapes out of the domain. The first and second streams of droplets
move downward initially due to the force of gravity (which is not
balanced by the weak drag force), thus ultimately contributing to pro-
ducing a high-risk situation. As the flow gets developed in the domain,
the third and fourth stream of droplets go up, whereas the droplets
from the first two streams remain suspended in the domain due to the
stronger drag force now available due to complete the development of
the flow.

Although this situation produces a significant amount of risk in
the domain, since a significant percentage of the third and fourth
stream droplets escapes out of the domain, the situation improves as
compared to the quiescent scenario producing a lower risk as com-
pared to the quiescent scenario. On the contrary, for the cold humid
ambience, although the axial exhaust scenario initially ameliorates the
situation as compared to the quiescent scenario, at later stages the risk
associated with the quiescent scenario falls below that of the axial
exhaust as depicted in Fig. 12. In this case of axial exhaust jet as dis-
cussed, the flow takes some time to develop and the droplets remain
suspended in the domain, thus producing a higher risk at later stages
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FIG. 11. Droplet fate at various time instants for all the scenarios of both the ambiences.

as compared to the quiescent scenario where the droplets ultimately
settle down below the risky height zone owing to their larger diameter
due to reasons discussed earlier. Additionally, it is found from
Fig. 4(d) that in the cold humid ambience, a significant percentage of
the initially injected large droplets quickly falls below the risky height
zone owing to larger masses and negligible evaporation. This causes
the risk factor for this scenario in cold humid ambience to be below
the hot dry ambience, as can be understood from Fig. 12.

In the third scenario, the top mounting has been modeled as the
exhaust fan by taking into account its rotation. This ventilation condi-
tion is the best solution for ensuring minimum risk as compared to

the others. The circulation brought about by the rotational effect
increases the dispersion in droplet kinematics due to the additional
turbulence (created by the rotating component of the fan) as can be
understood from the velocity contour plots of Fig. 10 due to which the
droplets rise up and a significant amount of them gets deposited at the
roof (top wall) of the elevator, quite contrary to the previous scenario
of axial exhaust jet. The risk for this scenario remains approximately
equal and significantly low for both the ambiences at all instants.
Furthermore, it is found that after 5.5s for the hot dry scenario and
748 s for the cold humid ambience, there are no droplets in the risky
zone; hence, there is no risk of being infected. That more time is
required for the cold humid ambience is understandable due to larger

100 - masses of droplets owing to negligible evaporation. Thus, it can be
—=a— Scenario 1(Hot & dry) . .. .
—e— Scenario 2(Hot & dry) concluded that the exhaust fan ventilation condition is the best solu-
804 . —*—Scenario 3(Hot & dry) tion for minimizing the risk of infection in elevators. Moreover, it is
Coughing —v— Scenario 1(Cold & Humid) T e . .
Phenomeng —e— Scenario 2(Cold & Humid) understood for all other ventilation scenarios that a hot dry ambience
60 —<—Scenario 3(Cold & Humid poses a higher risk as compared to a cold humid ambience.
£ So far, we have emphatically established the fact that out of all
< . . . . . .
o 0 the ventilation scenarios, scenario 3 is the best-case scenario, as after
g some time there remains no droplet in the risky height zone, making
the domain completely safe, and the risk falls down to zero. However,
204 it is also important to note that if any of the other scenarios are being
used as ventilation conditions in an elevator, the safe radial distances
0 B e e e e to be maintained from the mouth of the infected passenger to ensure

Time(s)

FIG. 12. Risk factor for various scenarios along with the elucidation of the time
averaging process for the computation of risk factor in the bottom right corner.

maximum safety in the elevator must also be investigated. Hence, first,
the height of each suspended droplet in the domain has been tracked
at the end of 10s as shown in Figs. 13(a)-13(f), and, second, among
these suspended droplets, the radial distance of those droplets
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FIG. 13. (a)—(f) Height distribution of suspended particles for various scenarios of both the ambiences at the end of 10s.

suspended in the risky height zone has been tracked, as depicted in
Figs. 14(a)-14(d), to ascertain the minimum radial distance to be
maintained in all the cases to avoid coming in contact with any droplet
in the risky height zone as much as possible. The safe distances for all
scenarios for both ambiances are enumerated in Table II. For both, the

quiescent scenario requires maintaining the maximum radial distance
from the passenger’s mouth to get rid of the palpable danger pervading
the elevator domain. In fact, for the cold humid ambiance, droplets are
present at the farthest possible distance from the passenger’s mouth.
Except scenario 3, where the domain gets completely safe quickly, the
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cold humid ambience requires one to maintain a greater radial dis-
tance for complete safety as compared to a hot dry ambience.

Another important fact that was investigated was the rate of
evaporation of the suspended droplets in the domain—indicated by
the rate of formation of droplet nuclei from the suspended droplets.
This is only applicable for the hot dry ambience, as there is negligible

TABLE Il. Safe radial distances for various scenarios.

Ambience Scenario Distance (m)
Hot dry Scenario 1 1.1312
Scenario 2 1.0682
Scenario 3 Entire domain is safe
Cold humid Scenario 1 1.2
Scenario 2 1.13
Scenario 3 Entire domain is safe

evaporation in the cold humid scenario. It is important to understand
that these droplets will continuously evaporate to form very small-
sized particles that will remain suspended in air for a very long dura-
tion and will have a high chance of infecting any other person travel-
ing in the elevator. Figure 15 shown below depicts the percentage of
suspended droplets that have fully evaporated to form droplet nuclei
at different time instances for various scenarios. It can be seen for the
forced circulation scenario of exhaust fan that the evaporation rate is
higher than that of quiescent scenario (scenario 1). This is because, in
the scenario of exhaust fan, the increased velocity of the droplets
increases the evaporation rate owing to the increased Sherwood num-
ber for the droplets. Moreover, there is an increased dispersion of
droplets in the elevator due to the additional turbulence brought about
by the rotation of the fan. However, in the case of axial exhaust jet
(although it is a forced circulation scenario), the evaporation rate is
slower as compared to the other scenarios, because it takes significant
amount of time for the flow to develop and droplet cloud from the first
two streams travel together in a cluster, remaining condensed (and
suspended) rather than spreading across the domain and hence
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residing in areas having a locally higher concentration of water vapor,
thereby slowing the evaporation rate. Nevertheless, we can say that a
significant fraction of suspended droplets gets fully evaporated to
droplet nuclei at a fairly fast rate. This high evaporation rate is a matter
of concern, as a significant percentage of injected droplets quickly
evaporates to form viruosols, i.e., particles having very high viral load
and diameter less than 20 um that remain suspended in the domain
for a long period of time.”* These virusols are the most dangerous of
all the droplets. Due to their size (dia < 20um), they have the highest
penetration in human lungs.”” A comparison of the percentage of
injected droplets that have formed suspended virusols in the risky
height zone at different time instants is shown in Fig. 16 below for the
hot dry ambience. The virusol count is negligible (close to zero) for
cold humid conditions owing to negligible evaporation. Scenario 1
(hot dry ambience) has the highest concentration of virusols sus-
pended in the risky height zone (Fig. 16), thus aggravating the threat
of infection inside elevators. Figures 17(a)-17(d) portrays the size
range of the droplets suspended in the risky height zone after 10s,
thus giving an idea of the viral load residing in this regime; it also
tracks the droplets’ radial locations and their concentration in a single
plot, for scenarios 1 and 2 (since in scenario 3 no droplets remain after
5.5 or 7.48 s in the domain for both the ambiences). Figures 18(a) and
18(b) extract out the virusols (for cold dry ambience) and show sepa-
rately the radial concentration of these virusols suspended in the risky
height zone, i.e., the number of virusols suspended at different radial
locations from the mouth, and thus give an idea of the most critical
radial distance, i.e., the radial distance having the highest concentra-
tion of malicious virusols. The most critical (or the most dangerous)
radial distance for the different scenarios (of hot dry ambience) is enu-
merated in Table I1I. This most critical radial distance must always be
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FIG. 16. Percentage of suspended virusols in the risky height zone at different time
instances for various scenarios for the hot dry ambience.

avoided by the other passengers to somewhat avert the chances of
infection.

V. CONCLUSION

The transmission and evaporation of injected droplets in an ele-
vator typically used in multistoried residential or small enterprise
buildings have been modeled. Three ventilation scenarios, viz., quies-
cent, axial exhaust, and exhaust fan, have been simulated within the
elevator. As the droplets move according to the prevailing ventilation
patterns, their evaporation is affected by the prevailing air, velocity,
temperature, and humidity. In these investigations, various scenarios
have been explored to understand the droplet dynamics in the
domain.

The simulation results show that a quiescent condition in the ele-
vator has a very high risk associated with it, as a significantly large per-
centage of droplets remains suspended in the domain in the risky
height zone (0.8-1.8 m), especially for the hot dry condition. For the
cold humid condition, the droplets settle below the risky height zone
at later stages due to their larger masses, owing to negligible evapora-
tion in such an ambience, thus bringing down the risk significantly.
Hence, the quiescent scenario turns out to be safer for the cold humid
ambience (risk factor 7.22%, at 10s) as compared to the hot dry ambi-
ence (risk factor 40.32% at 10s).The introduction of force circulation
ventilation in the form of axial exhaust jet or exhaust fan alleviates the
situation by bringing down the risk factor as compared to a quiescent
scenario. This is attributed to the fact that, with the introduction of
forced circulation, the percentage of droplets escaping out of the
domain increases significantly. Although the axial exhaust jet fully alle-
viates the situation for hot dry conditions (risk factor 24% at 10s) as
compared to the quiescent scenario, the cold humid ambience
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FIG. 17. (a)-(d) Radial location tracking and diameter of the suspended particles in the risky height zone after 10's, for different scenarios of both the ambiences.

produces different results. As the flow takes some time to develop in
these cases for both the ambiences, the initially injected droplet
streams go downward due to gravity, which dominates over the
upward pulling weak drag force; but, as the flow gets developed the
droplets remain suspended in the risky height zone due to the now
present stronger drag force, whereas the droplets in the quiescent sce-
nario with cold humid ambience settle down below the risky height
zone at latter stages of elevator travel, bringing down the risk (risk fac-
tor 7.22%). Furthermore, it has been found that the risk in the exhaust
jet scenario is less in the cold humid ambience than the hot dry ambi-
ence. The introduction of exhaust fan alleviates the situation for both
the ambiences. The risk factor is significantly low for both the ambien-
ces at all time instants, and after 5.5 and 7.48 s no droplets remain in
the risky height zone for both the hot and cold ambiences. Hence, it is
concluded that the use of exhaust fans is the best solution for

mitigating infection. Moreover, it is found for all the ventilation sce-
narios that the cold humid ambience is safer as compared to the hot
dry ambience.

Although the forced circulation ventilation scenarios mitigate the
risk factor more significantly than the quiescent scenario, in general,
for forced circulation scenarios, the increased air velocity expedites the
evaporation process of the droplets and the increase in turbulence of
flow causing dispersion of droplets into areas having lesser mass frac-
tion of water vapor also contributes to the increased evaporation rate
especially for the hot dry ambience. The cold humid ambience produ-
ces negligible evaporation for all the ventilation scenarios. The
increased evaporation rate increases the percentage of virusols among
the suspended droplets. These virusols (diameter < 20um), besides
having very high viral loading, also have the largest penetration in
human trachea. The most critical radial distance (ie., the radial
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FIG. 18. (a) and (b) Radial distribution of virusols suspended in the risky height zone after 10's, for different scenarios of the hot dry ambience.

TABLE |IIl. The most critical radial distance for various scenarios, for the hot dry
ambience.

Scenario Distance (m)
Scenario 1 0.95
Scenario 2 0.6

Scenario 3 Entire domain is safe

distance having the highest concentration of virusols) for various sce-
narios is also obtained from our study. Other fellow passengers inside
the elevator must always try to avoid this critical radial distance.

It is important to understand that the scenarios that have been
considered in this study are merely a fraction of a plethora of such
likely real-life instances where the dimensions of the elevator, air sup-
ply and outflow slots, location of a fan or exhaust fan, velocity and
speed, and total time of elevator travel may be different from what are
considered in this study. The passenger height and his/her positions
within the elevator may also differ. The results are expected to be sig-
nificant for these parametric variations and some of these situations
may also present a substantial amount of threat in addition to the ones
shown. Therefore, it is exhorted to take utmost precautionary mea-
sures while using an elevator.
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NOMENCLATURE

Cs  Coefficient of drag
G, Spelciﬁc heat capacity of the Eulerian phase (air) (J kg '
K™)
Cpa  Specific heat capacity of the droplet (J kg ' K™")
Cps Specific heat capacity of the nonvolatile component of
droplets (J kg ' K1)
Cp,1  Specific heat capacity of the volatile component of droplets
Jkg K™
dy;  Diameter of the droplet (m)
Dy Effective diffusivity (m?s™)
Dysr Molecular diffusivity in air (m?s7h
f» Mass fraction of water vapor in the Eulerian phase
Fus  Lift force on droplets (N)
h  Convective heat transfer coefficient (W m > K ™)
H  Enthalpy (J kg_l)
hi  Latent heat of vaporization of the droplet (J kg ™")
k  Turbulent kinetic energy (J kg ')
k;  Thermal conductivity (W m 'K
kne  Mass transfer coefficient for the droplet (m s~ ")
my  Mass of droplet (kg)
my,  Molecular weight of the volatile component in droplets (kg)
my  Initial mass of the droplet (kg)
Nu  Nusselt number
p  Static pressure of the Eulerian phase (N m™?)
P Turbulent kinetic energy production (N m ™ 2s™")
RH  Relative humidity (percentage)
Sh  Sherwood number
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t  Time (s) APPENDIX: DETAILED GRID INDEPENDENCE STUDY
T  Temperature (K) .
T; Temperature of the droplet (K) Grid Independence Study

4 . . —1

u Veloqty of the Eulerian phﬁse (ms ™) A 3D structured hexahedral-dominant mesh is used for the
u‘i Velocity Of the droplet (ms ). discretization of our computational domain. The mesh consists of
Yc[ Mass fraction of the nonvolatile component of droplets approximately 5.8 x 10> cells. Mesh refinement is applied near the
Yy, Mass fraction of th? volatile component 9f droplets top mounting, outlets as well as other boundaries, but most impor-
Yy Initial mass fraction of the nonvolatile component of  t;iy sufficient refinement is applied near the passenger’s mouth,

droplets
u Dynamic viscosity of the Eulerian phase (kgm™ s™)
. Turbulent viscosity of the Eulerian phase (kg m™ s™")
p  Density of the Eulerian phase (kg m ™)
ps  Density of the droplet (kg m )

from which the cough droplets are injected, to capture the droplet
motion accurately. A smooth and gradual transition was also made
from the very refined mesh near the mouth to the ambient mesh. A
thorough grid independence study was conducted before selecting
the above mesh. Three different mesh sizes, viz., coarse (454 327 cells),

medium
3 coarse
5+ fine

Uy
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FIG. 19. (a) Location of slice CD and line AB. (b) Comparison of velocity profile (Vy) of different mesh sizes at line AB. (c) Comparison of velocity contours of different mesh
sizes at slice CD for coarse, medium, and fine mesh sizes, respectively, from left to right.
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FIG. 20. (a) Comparisons of droplet distributions for coarse, medium, and fine mesh sizes, respectively, from left to right. (b) Comparisons of risk factors for coarse, medium,

and fine mesh sizes, respectively, from left to right.

medium (578 669 cells), and fine (695027 cells), have been consid-
ered. The normalized Eulerian field velocity Vy/Vi,je; in a hot dry
ambience having the top mounting implemented as an axial inlet
jet ventilation condition (Viper = 0.56 m/s) is taken as the parame-
ter, against which the results of the three different meshes are com-
pared in Fig. 21(b). The normalized axial velocity (V) profile is
taken along a line AB of 0.6 m length, the line AB being parallel to
the X axis. The line AB is situated on the plane CD. The plane CD
is parallel to the elevator’s floor and is at a height of 1 m above the
elevator floor. The line AB and the plane CD and their positions
inside the elevator domain are shown in Fig. 21(a). In addition to
the normalized axial velocity (V) profile, the velocity magnitude
contours on plane CD are also compared in Fig. 19(c). The droplet

dispersion and risk factors are compared in Figs. 20(a) and 20(b).
From Figs. 19(b), 19(c), 20(a), and 20(b), it can be seen that the
results of the coarse mesh vary considerably from that of the
medium and fine mesh and that the results of the medium and fine
mesh have negligible difference. Since the results become virtually
grid independent with the medium and fine meshes, we adopted
the medium mesh for our study. From this, it can be concluded that
the medium mesh size considered here is adequate enough to cap-
ture the flow field correctly inside the elevator. Figures 21(a) and
21(b) show our finally adopted 3D mesh of 578 669 cells encapsulat-
ing the refinement near the boundaries and edges. Figure 21(c)
shows a section of this mesh, which portrays the gradual refinement
near the mouth.
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